Creatinine clearance, pulse wave velocity, carotid compliance ized by increased systolic blood pressure (SBP) with norand essential hypertension.
investigated.

Conclusion. Increased stiffness of central arteries is statisti-
Altered kidney function is one of the basic pathophysically associated with reduced creatinine clearance in subjects ological mechanisms of hypertension. Whether the renal with mild-to-moderate renal insufficiency, indicating that kidchanges are the cause or the consequence of hypertenney alterations may interact not only with small but also large arteries, and this is independent of age, blood pressure, and sion remains a subject of debate, but most prior studies standard risk factors.
focused on the association of renal disorders with alterations of peripheral vascular resistance, that is, changes of arteriolar structure and function [5] . The possibility Clinical studies in patients with end-stage renal disease that renal alterations may be also connected to changes (ESRD) and who are undergoing hemodialysis have shown in the structure and function of large conduit arteries to blood pressure values that are most frequently characterour knowledge has not been taken into consideration. However, in experimental models of rats with moderate pendently of age, gender, mean blood pressure (MBP), mia (N ϭ 106; defined as plasma glucose Ն1.24 g/L or by the presence of noninsulin antidiabetic drug treatment), and conventional risk factors such as diabetes, cigarette smoking, or dyslipidemia [7] . Nevertheless, most of the obesity (N ϭ 297, defined as body mass index Ն28 kg/m in men and Ն29 kg/m in women), or increased tobacco subjects of this study were under antihypertensive drug treatment. Therefore, it is possible that mild or even consumption (N ϭ 510; defined as a consumption Ն20 cigarettes per day). The number of CV risk factors per infraclinical alterations of renal function are already associated with stiffening of large conduit arteries in subsubject was one for 415 subjects (32%), two for 324 subjects (25%), three for 186 subjects (15%), and more jects with normal or high blood pressure who are in a total absence of any previous antihypertensive drug therapy.
than three in 85 subjects (7%).
The investigation was performed at 9 a.m. after blood The present study examined untreated subjects with normal or high blood pressure levels to (1) evaluate the fasting specimens were done for determinations of plasma glucose, total cholesterol, and creatinine. Written constructure and the viscoelastic properties of the aorta, the musculoelastic common carotid artery (CCA), and the sent was obtained from all of the participants after a detailed description of the procedure. All subjects (N ϭ muscular medium-sized radial artery, and (2) determine whether a statistical association may be observed be-1290) had determinations of creatinine clearance, blood pressure, and aortic PWV. Carotid and radial artery structween the structure and function of these arteries with renal function evaluated from creatinine clearance meature and function were studied in only 112 hypertensive subjects. surements. The results of the present investigation clearly show that arterial stiffening is associated with a progresEstimation of renal function sive decline in creatinine clearance, even in patients whose clearance remains within the physiological range,
Creatinine clearance was calculated from plasma creatinine, age, gender, and body weight according to the and that this association is mainly observed at the site of central (aortic) but not peripheral arteries.
Cockcroft and Gault formula [9] , which is known to give a correlation coefficient between predicted and measured creatinine clearance of 0.83. In a sample (N ϭ 67) METHODS of the present population, the correlation coefficient was Patients 0.61. Furthermore, the average difference between predicted and measured values was no greater than that beFrom June 1996 to June 1998, approximately 3200 patients entered the Department of Internal Medicine of tween two paired 24-hour clearance measurements. Note that in our population, natriuresis per 24 hours was beBroussais Hospital (Paris, France) for a CV check-up, motivated by the presence of one or several CV risk factween 65 and 130 mol, and subjects who had macroproteinuria or microproteinuria were excluded from the study. tors involving high blood pressure, smoking, dyslipidemia, diabetes mellitus, and/or a family history of premaFrom the individual values of normalized creatinine clearance, the 1290 subjects were divided into three terture CV disease. From those patients, only those never treated subjects with normal blood pressure or with sustiles. The definition of each tertile took into account the role of both age and gender. For age, 55 years was chosen tained essential hypertension were selected on the basis of previously described criteria [8] . Normal blood presas the significant cut-off point, since this is considered the threshold at which CV complications begin to occur sure was defined as a SBP Ͻ140 mm Hg and a DBP Ͻ90 mm Hg, and high blood pressure was defined as SBP in both men and women [1] . According to these observations, the chosen cut-off for the lower tertile of normal-Ն140 mm Hg and/or DBP Ն90 mm Hg, as determined by arm cuff and mercury sphygmomanometer, with the ized creatinine clearance (mL/min Ϫ1 /1.73 m 2 ) was 104 in young men, 72 in young women, 85 in old men, and 56 subject in a supine position, taking a minimum of three casual measurements during the last two months. Subin old women. jects with a history of congestive heart failure, cerebroBlood pressure measurements vascular, coronary, or valvular heart disease, renal insufficiency (defined by a serum creatinine level Ͼ130 mol/L), Casual brachial blood pressure was measured by sphygmomanometry after 10 minutes of rest with the patient or insulin-dependent diabetes were not included in the study. Finally, the investigation was performed in 1290 in a supine position using the first and the fifth phases of the Korotkoff sounds. One physician performed three subjects (887 men and 403 women) between 19 and 81 years (mean of 47 years). Body weight and height were, consecutive measurements, and the average of the last two measures was considered. MBP was then calculated respectively, 73 Ϯ 14 kg (Ϯ1 SD) and 170 Ϯ 9 cm. From the 1290 subjects, 1010 presented one or several CV as MBP ϭ DBP ϩ 1/3 (SBP Ϫ DBP). Pulse pressure (PP) was calculated as PP ϭ SBP Ϫ DBP. risk factors involving hypertension (N ϭ 448, as defined previously in this article), hypercholesterolemia (N ϭ For the CCA and radial artery determinations, semiautomatic noninvasive measurements of brachial blood 411; defined as plasma cholesterol Ն2.4 g/L), hyperglyce-pressure were performed by the Dinamap 1846SX device CCA and radial artery measurements in 112 (Critikon Inc., Tampa, FL, USA). This technique uses hypertensive subjects the oscillometric method to estimate SBP, DBP and Arterial measurements were performed at the sites of MBP, and has been described elsewhere [7, 8] . The dethe right CCA and radial artery 2 cm proximal to the vice was set to inflate automatically every three minutes. carotid bifurcation and 2 cm above the wrist. For each Ten automatic measurements were recorded on a printer patient, the value of arterial parameters was the mean before the casual measurement. The average of the last of three measurements, each measurement resulting five measurements was considered as the value of blood from the recording of 8 to 10 diameter imaging. CCA pressure obtained with this device. measurements were performed in 112 never treated subBecause the carotid PP is physiologically lower than jects with hypertension and radial artery measurements brachial PP for the same MBP [1-3], CCA and radial were taken in 84 of the 112 subjects. artery pressure waveforms were recorded noninvasively To determine radial artery diameter and wall thickwith a pencil-type probe incorporating a high-fidelity ness, we used an ultrasound system that had been preMillar strain-gauge transducer (SPT-301; Millar Instruviously described and validated in vivo [11] . The transments, Houston, TX, USA) on a Gould 8188 recorder ducer was positioned so that the focal zone was located (Gould Electronic, Ballainvilliers, France) at 100 mm/ in the center of the artery; so the backscatter echo from sec [10] . A detailed description of this system has been both the anterior and posterior walls could be visualized. published previously [3, 10] . While SBP and PP increase A typical radio frequency signal was then displayed on significantly from central to peripheral arteries, falls in a computer monitor interfaced to the transducer system. DBP or MBP from the ascending aorta to the radial Radial artery (systolic-diastolic variations) diameter and artery do not exceed 2 to 3 mm Hg [1-3, 10]. Therefore, posterior wall (intima-media) thickness were measured the CCA pressure wave was calibrated assuming that when a double-peak radio frequency ultrasound signal radial and carotid DBP and MBP were nearly equal.
of the anterior and posterior wall was obtained. These The MBP of the CCA pressure wave, computed from signals were only visible as the ultrasound beam crossed the area of the wave in the corresponding heart period, the axis (center of the vessel). They were characterized was taken as being equal to brachial MBP. The amplitude by a first high-amplitude signal, followed by a relatively of the CCA pressure wave was computed from DBP and silent acoustic zone and then a second high-amplitude the position of MBP on the pressure wave. Then the signal. All data processing was performed using a soft-CCA PP was calculated. The reproducibility of these ware developed by Asulab (Neufchatel, Switzerland) as measurements has been established in detail previously previously described [11, 12] . Notably, the pulse length [3, 10] . of this ultrasound system was 0.1 sec at 6 dB and corresponded to a practical axial resolution of 0.16 mm for Determination of aortic PWV in the absolute internal diameter or intima-media thickness meaoverall population surements and 2.5 m for these parameters during sysCarotid-femoral (aortic) PWV was measured using the tolic-diastolic changes. Repeatability of radial artery meaComplior device. The technical characteristics of this surements has been published in detail elsewhere [12] . device have been described [10] and indicate interobSystolic-diastolic variations of the CCA diameter were server and intraobserver repeatability coefficient values measured using an original pulsed ultrasound echo trackto be Ն0.9. The basic principle of PWV measurement is ing system based on the Doppler shift. The details of this that the pressure pulse generated by ventricular ejection method have been described elsewhere [8, 13] . Briefly, is propagated along the arterial tree at a speed deterthe system enabled a transcutaneous assessment of the mined by the geometric and elastic properties of the displacement of the arterial wall during the cardiac cycle arterial wall [1] . PWV is calculated from measurement and, hence, the time-dependent change in arterial diameof pulse transit time and the distance traveled by the ter to its initial diameter at the start of the cardiac cycle, pulse between two recording sites, according to the folknowing that the availability of the electrocardiogram lowing formula: PWV (m/sec) ϭ distance (m)/transit trigger facilitated the detection of the peak distention of time (sec). Carotid-femoral PWV is calculated from the the artery relative to its initial diameter. The displacetime delay between the recorded proximal (carotid) and ment of the arterial wall was obtained by processing the distal (femoral) foot waves and the superficially meaDoppler signals originating from two selected sample sured distance separating the respective transducers.
volumes, thereby enabling the evaluation of the systolic This calculation is automatically performed by the Com-(Ds) and the diastolic (Dd) diameters, the stroke change plior algorithm after entering the distance data [10] . In of diameter during systole (Ds Ϫ Dd), and the relative our study, PWV was calculated on the mean basis of stroke change of diameter [(Ds Ϫ Dd)/Dd]. Reproduc-10 consecutive pressure waveforms to cover a complete respiratory cycle.
ibility has been published in detail elsewhere [8, 10] . To calculate radial and carotid arterial stiffness [3, 8, slope between PWV and creatinine clearance, which was so adjusted according to age, gender, MBP, heart rate, 10, 12], compliance was expressed as dV/dP, where dV represents the systolic-diastolic changes of the volume and the other CV risk factors. The percentage variance of each factor influencing PWV was calculated according of the arterial segment, dP the local PP (systolic minus DBP), and V the diastolic arterial volume. Assuming to a stepwise linear regression. that the increase in volume (dV) is caused only by the distention of the artery (and not by elongation), the RESULTS cross-sectional compliance can be expressed as dA/dP, Aortic pulse wave velocity in the overall population where A is the diastolic arterial cross-sectional area and dA the systolic-diastolic change in cross-sectional area, Table 1 shows that in the overall population, divided into three tertiles of creatinine clearance, significant (P Ͻ using a cylindrical model of the artery. In the same way, cross-sectional distensibility is calculated as (dA/dP)/A. 0.001) differences were observed in the three groups of subjects in terms of age, blood pressure, heart rate, and In our study, compliance and distensibility were mea-CV risk factors, but not PWV (P ϭ NS). Table 2 shows sured in the steady-state (that is, operational) conditions, the slope (regression coefficient) of the relationship rewhich was at each subject's own MBP. Blood pressure lating PWV (independent variable) to each of the other values were obtained from simultaneous measurements studied parameters (age, gender, blood pressure, heart obtained with Dinamap apparatus (discussed previously rate, and the different CV risk factors) in each terin this article).
tile of creatinine clearance. The degree of significance Statistical evaluation of each slope (adjusted to all the other studied parameters) is also indicated. In addition, for each studied paQuantitative data are expressed as mean Ϯ SD and as N (%) for categorical variables. Analysis were perrameter, the interslope comparison between the three tertiles was significant (P ϭ 0.04). Taking into account formed with SAS program release 6.12 Copyright © 1989-1996 by SAS institute Inc. (Cary, NC, USA). A P value all of these data, it appears that PWV was significantly associated with age, heart rate, and to a lesser extent, Յ0.05 was considered significant.
An analysis of covariance (combining some of the feathe MBP of subjects in each of the three tertiles. Exclusively in the lower tertile, PWV and normalized creatitures of regression and analysis of variance) was used to test whether the regression slopes of PWV on normalized nine clearance were negatively and significantly associated (P Յ 0.0178), even after an adjustment to the other creatinine clearance was different within the three clearance tertiles defined from the entire population. The parameters, including age, gender, blood pressure, heart rate, and the other standard CV risk factors (including hysame calculation was performed for each class of CV risk factors as well as for age, gender, MBP, and heart pertension evaluated as a qualitative variable). Figure 1 shows the curve corresponding to this significant correlarate. A multiple linear regression test was then used in each tertile class of creatinine clearance to evaluate the tion. Note that this statistical association was significantly higher for the subjects younger 55 years of age (data not group (Table 4) , whereas compliance and distensibility shown) and that the contribution of creatinine clearance were significantly lower (P Ͻ 0.0001). The carotid interto the PWV variance remained small (ϳ1.2%; Table 2 ).
nal radius/wall thickness ratio (r/h) did not differ in the Carotid and radial artery measurements in the two groups. In both younger and older subjects, carotid hypertensive subjects PP was significantly (P Ͻ 0.0001) lower than brachial PP. Radial artery parameters (Table 5) did not differ in From the 112 hypertensive patients, older subjects the two age groups (Table 4) , with the exception of the (Ն55 years) had the same gender repartition and the r/h ratio, which was slightly lower (P Ͻ 0.02) in the older same mean arterial pressure as younger subjects (Ͻ55 subjects. years; Table 3 ). They had also similar values of heart After an adjustment for age, gender, heart rate, and rate and brachial DBP. However, brachial systolic presmean arterial pressure in the total hypertensive populasure (P Ͻ 0.0001), PP (P Ͻ 0.0001), and aortic PWV tion (112 patients), the carotid diameter and carotid wall (P Ͻ 0.0003) were significantly higher, and creatinine thickness were significantly (r 2 ϭ 0.25, r 2 ϭ 0.20) and clearance (P Ͻ 0.0001) was significantly lower in the positively correlated with normalized (or unnormalized) older subjects (Table 3) . creatinine clearance. However, the carotid r/h ratio did For the same mean arterial pressure value, the carotid not correlate with creatinine clearance. Carotid complidiameter (P ϭ 0.08), wall thickness (P ϭ 0.007) and PP (P Ͻ 0.0001) were significantly higher in the older age ance (and not distensibility) was positively (r ϭ 0.45) Finally, these findings was significantly more pronounced defined in Table 3. in subjects below 55 years of age. Taken together, these results indicate that in subjects with mild-to-moderate renal insufficiency, an elevated stiffness of the central the stiffening of arterial walls [1-3]. Arterial stiffening is associated with remodeling of the arteries characterized by dilation and hypertrophy of the major elastictype arteries like CCA [3] . The mechanism(s) responsible for the abnormal arterial stiffness in ESRD patients is not entirely understood, but studies comparing the carotid and the radial arteries have shown that they are largely independent of the mechanical factors involved by wall stress or high blood pressure [3, 4] . Whether these arterial lesions are specific to ESRD or already present before the development of terminal renal failure remains unknown. As the present results show, the aortic PWV and the CCA compliance are significantly corre- thus with creatinine clearance values close to normal ranges. As in ESRD patients, these associations are independent of the principal factor influencing the measure of arterial viscoelastic properties, namely blood pressure, and significantly (P Ͻ 0.0007) correlated with creatinine clearance even after adjusting for age, gender, heart rate, which is statistically associated with both decreased arterial compliance and increased stiffness [1] . It is important and mean arterial pressure. While the finding was observed in the total population, it was mainly noted in to emphasize that in the present study, the correlations were observed mainly in younger subjects and they conthe younger subjects (Ͻ55 years; Fig. 2 ). In this latter group, creatinine clearance correlated negatively with cerned the musculoelastic CCA and not the musculartype radial artery. All of these findings are important PP (r ϭ Ϫ0.22) and positively with stroke change of diameter (r ϭ 0.11). The contribution of creatinine clearto consider as several observations point to differential effects of aging and high blood pressure on the different ance to the total variance of carotid compliance was 20%. In contrast with carotid determinations, creatinine conduit arteries of the vascular tree [14] [15] [16] .
In previous studies, we and others compared the CCA clearance did not correlate significantly with radial artery parameters in this population (data not shown). CV risk structure and function in subjects with essential hypertension and unimpaired (or mildly impaired) renal funcfactors did not interfere with the observed results. tion and in subjects with ESRD [14] [15] [16] [17] [18] [19] [20] . Those investigainhibiting the cross-linking required forming stable elastions showed that (1) for the same age, gender repartition, tin, and thereby increasing arterial stiffness [27] . In a MBP, and wall stress, patients with ESRD had a larger recent study in subjects with sustained essential hyperarterial diameter and wall thickness as well as greater tension and unimpaired renal function, we observed a stiffness of wall material in comparison to nonuremic significant association between serum homocysteine conpatients [16, 17] ; (2) for the same level of renal function, centration, CCA geometry and structure [28] , and finally gender repartition, MBP, and wall stress, older subjects aortic PWV [29] . In ESRD patients on hemodialysis, had a larger arterial diameter and wall thickness as well plasma homocysteine levels are markedly more elevated as greater stiffness of wall material as compared to than in subjects with essential uncomplicated hypertenyounger subjects [16, [18] [19] [20] ; and finally, (3) no interacsion [21] . They correlate with the stiffness of muscular tion between age and renal factors could be observed in lower-limbs artery but not with the aortic stiffness [21] . the studied populations [16] . The present results, which
In conclusion, the present study shows that in young were mainly observed in a population of young subjects patients with mild and/or infraclinic renal insufficiency, with preserved renal function and/or mild renal insuffithe reduction of creatinine clearance is significantly associency, confirm the absence of interaction between age ciated with increased arterial stiffness independently of and renal factors. Creatinine clearance plays a significant blood pressure level. The finding predominates in younger role (20%) in the variance of carotid compliance primarpopulations and is mainly found on the central musculoeily in the younger population, which thus excludes aging lastic CCA. This observation indicates that alterations alone as a common denominator influencing the results.
of the viscoelastic properties of the arterial wall are sigSeveral risk factors present in ESRD patients could be nificantly connected to renal alterations, and that this associated with or responsible for the increased arterial association is present long before the appearance of stiffening, as arterial calcifications, hyperparathyroidism, ESRD and macrovascular complications. However, the glucose, and lipid disorders increased endothelin levels mechanisms linking the parallel deterioration of kidney and a number of unidentified factors [1, 2, 21-25]. Howand arterial function remain incompletely understood ever, in the present study, the statistical link between creand require further studies. atinine clearance and carotid compliance or aortic PWV was noted in the absence of the factors previously men-ACKNOWLEDGMENTS tioned in ESRD patients. On the other hand, we showed
